Self-incompatibility (SI) in Brassica is controlled by a single locus, termed the S locus. There is evidence that two of the S locus genes, SLG , which encodes a secreted glycoprotein, and SRK , which encodes a putative receptor kinase, are required for SI on the stigma side. The current model postulates that a pollen ligand recognizing the SLG/SRK receptors is encoded in the genomic region defined by the SLG and SRK genes. A fosmid contig of ‫ف‬ 65 kb spanning the SLG-910 and SRK-910 genes was isolated from the Brassica napus W1 line. A new gene, SLL3 , was identified using a novel approach combining cDNA subtraction and direct selection. This gene encodes a putative secreted small peptide and exists as multiple copies in the Brassica genome. Sequencing analysis of the 65-kb contig revealed seven additional genes and a transposon. None of these seven genes exhibited features expected of S genes on the pollen side. An ‫ف‬ 88-kb contig of the A14 S region also was isolated from the B. napus T2 line and sequenced. Comparison of the two S regions revealed that (1) the gene organization downstream of SLG in both S haplotypes is highly colinear; (2) the distance between SLG-A14 and SRK-A14 genes is much larger than that between SLG-910 and SRK-910 , with the intervening region filled with retroelements and haplotype-specific genes; and (3) the gene organization downstream of SRK in the two haplotypes is divergent. These observations lead us to propose that the SLG downstream region might be one border of the S locus and that the accumulation of heteromorphic sequences, such as retroelements as well as haplotype-unique genes, may act as a mechanism to suppress recombination between SLG and SRK.
INTRODUCTION
Self-incompatibility (SI) is one of the mechanisms promoting outbreeding that have evolved in higher plants. In Brassica spp, SI is controlled sporophytically by a single Mendelian genetic locus, the S locus (Bateman, 1955) . Up to 100 S alleles have been identified in the genus Brassica (Bateman, 1955; Ockendon, 1974; de Nettancourt, 1977) . Two genes are known to segregate with the genetically defined S locus; therefore, the term S haplotype has been used to collectively describe the components of each S region. One gene encodes a secreted glycoprotein called the S locus glycoprotein (SLG; Nasrallah et al., 1987) . The second gene encodes a protein predicted to consist of an extracellular domain linked to a cytoplasmic kinase domain by a transmembrane domain . This structure resembles the receptor kinases from animals (Ullrich and Schlessinger, 1990) and therefore is called the S receptor kinase (SRK).
Both SLG and SRK genes have been shown to be highly expressed in stigmas and at a lower level in anthers (Nasrallah et al., 1985; Stein et al., 1991; Goring and Rothstein, 1992) . In the pistil, SLG is expressed predominantly in the surface papillar cells of the stigma (Sato et al., 1991) , and its glycoprotein product accumulates to high levels in the walls of these cells (Kandasamy et al., 1989) . SRK has been demonstrated to be a membrane-bound glycosylated protein in the stigmatic papillae (Delorme et al., 1995; J.C. Stein et al., 1996) . These localizations are consistent with cytological observations that demonstrate the arrest of pollen or pollen tube development at the stigma surface. Although low levels of both SLG and SRK transcripts have been detected in anthers, the most sensitive detection methods available have failed to detect SLG and SRK proteins in this organ (J.C. .
There is genetic evidence that the expression of both genes in papillar cells is required for the operation of SI, although some recent work has questioned the necessity of SLG for SI (Cabrillac et al., 1999) . Several self-compatible mutant strains of Brassica have been identified in which self-compatibility is associated with spontaneous mutations at the S locus that disrupt the SRK gene (Goring et al., 1993; Nasrallah et al., 1994) . In addition, spontaneous mutations at loci unlinked to the S locus that downregulate the SLG gene (Nasrallah et al., 1992) and transgene-induced mutations that downregulate the SLG (Toriyama et al., 1991) and SRK (Conner et al., 1997; Stahl et al., 1998) genes are associated with the loss of the pistil's ability to inhibit self-pollen. From this evidence, it can be hypothesized that the SLG and SRK genes are necessary for SI, but it is not clear whether they are sufficient for the operation of the SI response in the pistil. Published attempts to modify SI specificity by transformation experiments have been unsuccessful (Conner et al., 1997) .
Generally, within a haplotype, SLG sequences are very similar ( ‫ف‬ 90%) to extracellular domains of SRKs, suggesting that the two genes have coevolved and that the SLG gene very likely was generated by partial duplication of SRK. Alleles of the SLG and SRK genes from different haplotypes share ‫ف‬ 70 to 80% amino acid sequence identity, although exceptions have been found recently (Kusaba et al., 1997; Kusaba and Nishio, 1999) . This allelic diversity is thought to determine the specificity of the SI reaction (Nasrallah and Nasrallah, 1993) , and this implies that the SLG and SRK genes need to be tightly linked as one genetic unit. Indeed, recombination events between SLG and SRK have not been detected, even though the physical distance between the two genes may exceed 200 kb of DNA (Boyes and Nasrallah, 1993; Boyes et al., 1997) .
A model that is analogous to the ligand-activated receptor tyrosine kinase described in animal systems (Ullrich and Schlessinger, 1990) for SRK activation and SI specificity has been proposed Goring and Rothstein, 1992) . The SRK protein kinase would be activated by contact between a papillar cell and self-pollen. By phosphorylating intracellular substrates, the SRK protein would couple the initial molecular recognition events at the papillar cellpollen interface to the signal transduction pathway that ultimately leads to pollen rejection. Because SLG and SRK are both expressed in papillar cells in the absence of pollen, a pollen-borne component, possibly a ligand for SRK, has been postulated. Such an extracellular ligand would be highly polymorphic and encoded within the S locus complex. It would activate the receptor in a haplotype-specific manner, thus providing the specificity in self-recognition. SLG, which is freely diffusible in the cell wall, would be essential, either by acting as an extracellular regulator for accessing ligand to the signaling receptor or by being an integral part of a functional receptor complex.
Given the genetic analysis of SI, factors that contribute to the complementary stigma and pollen recognition system must be encoded by the S locus region. Thus, it is important to characterize the chromosomal region defined by the SLG and SRK genes in detail to determine whether there are any anther-specific genes encoded by this region and, if these are present, whether they are required for the expression and specificity of SI. Molecular analysis of regions flanking SLG and SRK genes in various S haplotypes has led to the identification of some new genes. These are vegetatively expressed (Boyes et al., 1997) , reproductive tissue specific (Yu et al., 1996) , or anther specific (Boyes and Nasrallah, 1995; Yu et al., 1996) , but none of them has been shown to be SI related.
We have been working with two self-incompatible B. napus subsp oleifera lines called W1 and T2. The W1 line carries a functional B. rapa S haplotype in the self-compatible Westar background (Goring et al., 1992a) ; the T2 line carries a functional B. napus subsp rapifera S haplotype in the selfcompatible Topas background (Goring et al., 1992b) . The SLG and SRK genes (named the 910 allele for the W1 line and the A14 allele for the T2 line) in the two lines have been characterized (Goring et al., 1992a (Goring et al., , 1992b Glavin et al., 1994) . In this study, we report the isolation, transcriptional analysis, and comparison of the S locus regions in the 910 and A14 S haplotypes. Our goals are to continue the search for the pollen S gene and to gain insights into the structural basis for recombination suppression in the S locus.
RESULTS

Cloning of the SLG-910 and SRK-910 Genomic Region
Previously, the SLG-910 and SRK-910 genomic region was cloned as two genomic clones. The SLG and SRK genomic clones did not overlap, and the gap between them was estimated to be ‫ف‬ 2 kb by pulsed-field gel electrophoresis (PFGE) analysis, which showed that both SLG-910 and SRK-910 cDNAs hybridized with an ‫ف‬ 25-kb EcoRI fragment (Yu et al., 1996) . To verify the physical linkage of the two clones, we decided to clone the genomic region. A partial genomic cosmid library was therefore constructed as detailed in Methods and screened with the SLG-910 and SRK-910 kinase portion cDNAs as probes. Of ‫ف‬ 100,000 colonies, of which ‫ف‬ 15,000 contained inserts, one positive clone was isolated. DNA gel blot analysis confirmed that this cosmid clone contains SLG-910 , SRK-910 , SLL1 (for S locus linked 1)-910 , and SLL2-910 genes. The region covered by the cosmid and the two clones was sequenced. The sequencing results show that the SLG-910 and SRK-910 genes transcribe toward opposite directions and that the distance between them (from start codon to start codon) is only ‫ف‬ 6 kb, which is the shortest among the S haplotypes characterized thus far (Boyes et al., 1997; Conner et al., 1998) . These new data correct the previous work of Yu et al. (1996) , in which the SLG and SRK genes were thought to be transcribed in the same direction and in which SLL1 and SLL2 were placed between SLG and SRK.
To further extend the cloned S locus region, we constructed a W1 fosmid (Kim et al., 1992) genomic library. Approximately 200,000 colonies were screened by using the SLG-910 and SRK-910 kinase cDNAs as probes. Four independent positive clones were isolated. The insert end sequences were obtained by sequencing the fosmid directly, with the T7 and SP6 primers flanking the cloning site on the vector. The end sequences then were used to locate and order the fosmid clones relative to the known sequences. As a result, the fosmid contig extends the cloned 910 S region from ‫03ف‬ to ‫56ف‬ kb, with ‫51ف‬ kb on the downstream side of the SRK and ‫02ف‬ kb on the upstream side of the SLG gene.
Enrichment of S Locus-Specific cDNAs by Subtraction and Mapping of the cDNAs to the Cloned S Chromosomal Region
To search for other potential S genes encoded in the cloned genomic region, we performed a cDNA subtraction to enrich the S locus-specific cDNAs. The self-incompatible B. napus line W1 and self-compatible line Westar are nearly isogenic (Goring et al., 1992a) , and the only difference between them is the 910 S haplotype and possibly the flanking regions. Theoretically, the cDNAs encoded by the 910 S haplotype should be enriched by subtraction, given the allele diversity shown by known S genes and expected for a new S gene(s). A technique called subtraction suppression hybridization (Diatchenko et al., 1996; Gurskaya et al., 1996) was used. The technique combines a high subtraction efficiency with an equalized representation of differentially expressed sequences, which is achieved by a specific form of polymerase chain reaction (PCR) called suppression PCR. This permits the exponential amplification of cDNAs that differ in abundance, whereas amplification of sequences of identical abundance in the two populations is suppressed.
Whole flower buds were used rather than anthers only, based on the following considerations: (1) the procedure is able to enrich rare messages, so the relative abundance of a specific mRNA is not a major concern for the success of the process; and (2) it potentially allows the enrichment of polymorphic/differentially expressed genes from the stigma as well. Because it is not known whether the pollen factor controlling SI specificity is expressed in diploid meiocytes premeiotically or in tapetal cells derived sporophytically, 1-to 2-mm buds were used. These stages correspond to the premeiotic diploid meiocyte or to the microspore release during microsporogenesis, respectively (Scott et al., 1991) . It is known that the two well-characterized S genes, SLG and SRK, are expressed in 2-to 7-mm buds, with the peak in 4-to 6-mm buds. Therefore, we reasoned that their interaction partner(s) from pollen theoretically should exhibit a similar expression pattern or might be transcribed earlier in development, with the transcript or translated protein maintained in the pollen. Based on this reasoning, 3-to 4-mm buds also were included. Figures 1A and 1B show that the subtraction was successful: both SLL1-910 and SLG-910 were markedly enriched. SLG is a polymorphic gene, and SLL1 has been shown to be expressed only in the W1 line (Yu et al., 1996) . This result shows the suitability of this procedure for the enrichment of other potential S genes.
To map the subtracted W1 cDNAs to the cloned S genomic region, we then took an approach similar to direct cDNA selection (reviewed in Lovett, 1994) . Cloned genomic DNA fragments were fractionated, blotted, and hybridized with a radioactively labeled cDNA mixture. Figures 2A to 2C show the mapping of the 14-kb SRK genomic clone. Based on the map of the clone, it was restricted with four enzymes individually, to separate the band containing SRK from the rest. One clear signal was obtained for the bands containing the 1.4-kb EcoRI fragment, which is 3 kb downstream of the SRK gene. The strength of the signal was weaker than that of SLG but comparable to that of SRK. The probe DNA was eluted and amplified by PCR. The PCR products were cloned and sequenced. When compared with the genomic sequence, four introns clearly could be identified. No matches were found in the public databases for this new gene, designated SLL3.
The entire 65-kb cloned region then was scanned using the same procedure (data not shown). For convenient identification of whether a signal was from a new gene or from a previously identified gene, genomic DNA was either amplified by PCR or restricted with appropriate restriction enzymes that could separate the fragment containing known genes from the rest. Two additional weaker signals were obtained. The probe DNAs were eluted and amplified by PCR. (A) Enrichment of the SLL1-910 cDNA. PCR-amplified W1 cDNA sequences that were not subtracted (Ϫ) and subtracted (ϩ) (lanes 1 and 2, respectively) were probed with SLL1 cDNA (lanes 3 and 4, correspondingly). (B) Enrichment of the SLG-910 cDNA. PCR-amplified W1 cDNA sequences that were not subtracted (Ϫ) and subtracted (ϩ) (lanes 1 and 2, respectively) were probed with SLG cDNA (lanes 3 and 4, correspondingly). Molecular length markers are indicated at left in kilobases.
Cloning and sequencing of the PCR products revealed two more genes that encode homologs of methionyl-tRNA transformylase (FMT) and a Caenorhabditis elegans putative protein (CePP). These two genes also were revealed by homology search of the public databases (see Sequence Analysis of the N65-kb 910 S Region).
Characterization of SLL3
Sequencing of the selected SLL3 cDNAs revealed two kinds of sequences. The longer ones have RsaI sites at both ends, suggesting that it is a partial cDNA (because the cDNAs were digested with RsaI before subtraction). Therefore, 5 Ј and 3Ј rapid amplification of cDNA end (RACE) reactions were performed to obtain the full-length cDNA. The 3Ј RACE products were very short, with the longest only 130 bp from the RsaI site. A stop codon (TAG) is only 33 bp downstream of the RsaI site, followed immediately by a stretch of T residues, denoting that this is the likely 3Ј end of the transcript. Sequences of eight randomly picked 5 Ј RACE product clones were determined. The sequences fell into two groups, each with four members. One group of the isolated cDNAs was very similar to the 910 genomic sequence, and two introns could be easily identified.
Attempts to clone the cDNA that matches perfectly with SLL3-910 have been unsuccessful. Primers supposedly specific to the 910 allele were designed and used for PCR amplification with a W1 bud cDNA pool as the template. Cloning and sequencing of the PCR products revealed that they were similar to, but not identical to, the 910 genomic sequence, suggesting that SLL3-like genes constitute a multiple-copy gene family. This was confirmed by DNA gel blot analysis. As shown in Figures 3A and 3B , genomic blots prepared with DNAs from W1 and Westar exhibited multiple bands when probed with the SLL3 coding region. Furthermore, the signals were much stronger than normal singlecopy genomic blots, suggesting that each band actually might consist of multiple subbands. Fosmid clones were isolated by using the 5Ј portion of the SLL3 cDNA as a probe. When DNA blots of these were analyzed, they exhibited bands varying slightly at ‫4.1ف‬ kb, indicating that the ‫-4.1ف‬kb band in the genomic blot actually was a complex of multiple bands ( Figure 3C ).
This transcribed region is still of interest. The putative SLL3-910 full-length cDNA sequence was obtained by eliminating these introns from the genomic sequence and assembling the exons and is shown in Figures 4A and 4B . Sequence analysis revealed two open reading frames (ORFs), encoding proteins of 65 (ORF1) and 291 (ORF2) amino acids, respectively. Neither of these has matches in the public databases. ORF1 encodes a putative signal peptide, with a potential cleavage site between positions 17 and 18, which conforms to the (Ϫ3, Ϫ1) rule (von Heijne, 1986; Bairoch, 1993) . Furthermore, the small polypeptide is very hydrophobic. However, because of its multiple-copy nature, we were unable to determine the expression pattern of the SLL3-910 by RNA gel blot and reverse transcription-PCR analyses.
Sequence Analysis of the ‫-56ف‬kb 910 S Region
The ‫-56ف‬kb genomic DNA of the 910 S region was completely sequenced, except for a gap of ‫004ف‬ bp, which could not be sequenced due to the presence of a long stem-loop structure. The sequence was used to search the databases. As a result, an Enhancer/Suppressor-mutator (En/Spm)-type transposon (910Tn1) and several homologs of known genes, such as those encoding methionyl-tRNA transformylase (FMT), the Drosophila seven-in-absentia protein (SIAH1 and SIAH2), Clp protease (ClpP), and a protein kinase (Bkin), were detected. In addition, homologs of predicted putative proteins from the C. elegans (CePP) and Arabidopsis (AtPP) genome projects also were identified in the region. Next, the exon prediction program GenScan was used to search for new genes. Although a few more new ORFs could be predicted, we failed to confirm their existence by reverse transcription-PCR analysis. The genes identified by similarity searches are summarized in Table 1 . To confirm the presence of new transcription units in the 910 S locus region, we designed specific primers and used them to PCR amplify cDNA from a cDNA pool prepared from W1 flower buds. Primers were chosen so that PCR-amplified cDNA could be easily distinguished from possible genomic DNA amplification products by the absence of at least one intron. Partial or complete cDNA sequences corresponding to the CePP, FMT, SIAH1, AtPP, and Bkin sequences were successfully amplified, confirming their existence as transcription units. Because the SIAH2 sequence did not contain any intron in its coding region, we were unable to draw a similar conclusion for this putative gene.
Our sequence analysis revealed several features that placed 910Tn1 in the En/Spm family. First, as shown in Figure 5A , the only ORF found in 910Tn1 exhibits strong similarity to TNP2 of Tam1 (Nacken et al., 1991) and the ORF of Tdc1 (Ozeki et al., 1997) . Both of these are characterized members of the Spm family. Both Tdc1-ORF and Tam1-TNP2 are the homologs of the tnpD gene product of the En/ Spm element from maize (Pereira et al., 1985) . Deletion derivatives of the En/Spm family that lack the homologous region of tnpD have either no or greatly reduced ability to transpose autonomously (Fedoroff, 1989) . Second, as shown in Figure 5B , clustered direct repeats and inverted repeats were found no more than 500 bp upstream of 910Tn1-ORF. This repetitive structure was shown to be essential for transposition and is another major structural feature of the En/ Spm family (Gierl, 1996) . There is another long stem-loop structure at the 3Ј end side of the ORF, which is why we were unable to sequence it. We were unable to locate the terminal inverted repeats and direct repeats. The element is likely to be inactive because an in-frame stop codon was found.
Isolation of an ‫-88ف‬kb Fosmid Contig That Spans the SLG-A14 and SRK-A14 Genomic Region
Allelic sequence diversity is thought to be the critical feature for genes involved in SI recognition. The putative pollen S component is expected to be as polymorphic as that observed for SLG and SRK, and specific combinations of allelic forms of these genes are thought to define different SI specificities. Therefore, cloning and sequencing of another S haplotype are necessary, because sequence comparison of two haplotypes would allow direct identification of polymorphic sequences as candidate S genes. Sequence comparison of two haplotypes also would reveal the structural basis for the suppression of recombination in the S locus. A T2 fosmid genomic library therefore was constructed and screened with the SLG-A14 and SRK-A14 cDNAs. Four independent clones were isolated from ‫000,002ف‬ colonies. One clone (Fos163) hybridized with the SLG probe only, whereas the other three (Fos156, Fos158, and Fos162) hybridized with the SRK probe only. Thus, no clone appeared to contain both genes. To check whether the SLG clone overlaps with the SRK clones, we labeled Fos163 and used it to probe the blot prepared with all four fosmid DNAs digested with HindIII (data not shown). The result showed that Fos163 and Fos156 did contain three common fragments sized ‫,5.3ف‬ ‫,3ف‬ and ‫7.0ف‬ kb, respectively, indicating that the fosmid contig covers the entire SLG-A14 and SRK-A14 region. The contig was estimated to be ‫88ف‬ kb of DNA, based on restriction analysis. 
Sequencing Analysis of the ‫-88ف‬kb A14 S Region and Its Comparison with the 910 S Region
The ‫-88ف‬kb fosmid contig was subcloned and sequenced. Database searches revealed 12 more putative genes in addition to the SLG and SRK genes as well as two retroelements. The putative SLL3-A14 allele was not found in this region. The genes identified by similarity searches are summarized in Table 1 . Athila is a newly identified retroelement family in Arabidopsis (Pelissier et al., 1995 (Pelissier et al., , 1996 Thompson et al., 1996; Wright and Voytas, 1998) . Because the similarity extends only over a relatively short stretch and we could not locate other structural features, such as long terminal repeats (LTRs) and direct repeats, the data are not shown here. SLL2 was isolated previously from the 910 haplotype and was predicted to be closely linked to the SLG gene in the A14 haplotype by PFGE analysis (Yu et al., 1996) . Our sequence analysis confirms the previous report and shows further that SLL2 is highly conserved between the two haplotypes. SLL1 was isolated previously from the 910 haplotype as a candidate pollen ligand gene, because it is closely linked to SLG and only expressed in anthers. However, it only encoded a very short polypeptide, and when other SLL1 cDNAs were PCR amplified and sequenced, no allelic sequence diversity was observed (Yu et al., 1996) . Here, by genomic sequence analysis, we identified the A14 SLL1 allele. When the genomic sequences of both alleles were aligned, significant similarity was found only in the 5Ј and 3Ј noncoding regions. The A14 SLL1 cDNA was PCR amplified using specific primers from this region and sequenced. As was seen for the 910 allele, sequence analysis revealed no significant ORF.
As shown in Figure 6A , two nested retroelements were inserted in the CaBP-related sequence. Both elements have LTRs sharing 95% identity. The internal sequence between the longer LTRs is only 304 bp and contains no ORF, suggesting that this is a deletion derivative, designated A14RT1A. Deletion derivatives of retrotransposons have been found in plants (Bennetzen, 1996) . The internal sequence within the shorter set of LTRs encodes a long ORF, which contains all of the conserved protein domains of LTR retrotransposons. The element is termed A14RT1B and is a member of the Ty1/ copia family. All the protein domains share significant homologies with the Melmoth element, a Ty1/copia-type retroelement identified from the Ssc haplotype of B. oleracea (Pastuglia et al., 1997) . Although A14RT1B contains almost all the essential components of an active retrotransposon, it is likely to be inactive because an in-frame stop codon is found in the endonuclease domain ( Figure 6B ).
As represented in Figure 7 , comparison of the gene organizations of the 910 and A14 S haplotypes revealed a few striking structural features. First, in the region downstream of the SLG gene, the gene organization is highly colinear, except that AtPP-910, AtPP1, and 2-A14 apparently are rearranged. In addition, the similarities between the gene pairs are extremely high, with all of them being Ͼ95% similar. Second, the distance between the SLG-A14 and SRK-A14 genes is ‫23ف‬ kb of DNA, and this region is filled with retroelements and sequences not found in the corresponding region of the 910 haplotype. In comparison, in the 910 haplotype, the distance is only 6 kb, and no gene/ORF was found in this sequence. Third, the gene organization in the region downstream of SRK is very divergent between the two haplotypes.
DISCUSSION
Search for the Pollen S Gene
In this study, we isolated the chromosomal regions defined by the SLG and SRK genes from two S haplotypes. We then took two approaches to search the genes encoded in this The amino acid (or nucleotide if specified by nt) homology between the S locus genes and their database homologs as well as their GenBank accession numbers are indicated. Because FMT-A14 is at the end of the A14 contig, we have cloned only the 3Ј portion. For CaBP, we could not identify the 5Ј portion by homology to the Arabidopsis gene. Therefore, for these two genes, the homologies are based on the identified regions. For the DNA ligase, the homology is based on ‫002ف‬ amino acids at the C terminus. c ND, homology not determined because it is only over a relatively short stretch.
region. First, the S locus-specific genes were enriched by cDNA subtraction, and the enriched cDNAs were mapped to the cloned S region by direct cDNA selection. Second, the cloned S regions from two haplotypes were completely sequenced, and the coding regions were analyzed by database searches and exon prediction programs. The first approach, which combines the advantages of both suppression subtraction and direct cDNA selection, worked well for the identification of differentially expressed (such as SLL1) or polymorphic (such as SLG) genes, as evidenced by strong hybridization signals from SLL1, SLG, and SRK. In other words, if there were other S genes encoded in the cloned S region and they were as polymorphic/differentially expressed as SLL1 and SLG, they should have been detected by using this procedure. The results of our novel cDNA mapping approach are consistent with those of the sequence analysis. It has been postulated that the putative pollen ligand gene should possess the following properties: (1) it should be S locus linked; (2) it should exhibit haplotype-specific polymorphism (as do the SLG and SRK genes); (3) it is likely to be expressed in anthers in a manner consistent with the genetic and developmental regulation of SI; (4) it is likely to encode a secreted peptide; (5) it may be deleted or mutated in a nonfunctional self-fertile S haplotype; and (6) a functional equivalent of the gene might not be found in the homologous region of the Arabidopsis genome. This last hypothesis is based on a recent comparative genomic mapping analysis between the S 8 haplotype of B. rapa and its homolog in Arabidopsis (Conner et al., 1998). The major conclusion of that comparison is that the autogamy in Arabidopsis has evolved by deletion of the SI genes. According to the above criteria, SLL3-ORF1 is interesting, although it does not match these perfectly. First, its 5Ј end encodes a putative signal peptide. Second, it is very hydrophobic and would therefore fit the lipid-rich environment of the Brassica pollen surface (Murphy and Ross, 1998) . Third, no cross-hybridizing sequences were detected in the homologous region of the Arabidopsis genome (data not shown). However, because of its multiple-copy nature, we were unable to study its expression pattern.
SLL1 was a potential candidate ligand gene, although based on the cDNA clones that were isolated, it did not seem to exhibit allelic polymorphism or code for a polypeptide of significant length (Yu et al., 1996) . Based on comparisons of the 910 and A14 genomic sequences of SLL1, there is a significant sequence diversity between them ‫%24ف(‬ at the nucleotide level), but no significant ORF was detected. A subset of other genes could be eliminated as ligand candidates, based on sequence similarity alone, such as DNA ligase, FMT, and ClpP. The CaBP, Bkin, and SIAH homologs all are likely to play some roles in signal transduction pathways as they do in other systems, although their products are unlikely to act as a ligand. CaBP-A14 is interrupted by retroelements, so it is not functional. Bkin also is not functional because it is interrupted by in-frame stop codons and (Ozeki et al., 1997) and Tam1 (Nacken et al., 1991) . aa, amino acids; asterisk, an in-frame stop codon within the 910Tn1-ORF. (B) Arrangement of repetitive sequences in the 500-bp upstream region of 910Tn1-ORF. The length of the line represents the length of the repetitive elements; the arrows indicate the orientation. Elements that are in the same direction as the sequence are labeled above the sequence, and those that are complementary are marked underneath the sequence. The same numbers are used for corresponding elements. H, inverted repeats (dashed arrows), which could form hairpin structures; R, direct repeats (solid arrows). frameshift mutations. The CePP and AtPP homologs are potentially interesting, although the latter is homologous to sequences in Arabidopsis. However, it is certainly possible that some genes that are common between the two homologous regions might fulfill an SI-related function in Brassica while serving a different function in Arabidopsis.
Physical Boundaries of the S Locus
Classic genetic analysis defined the S locus as a single Mendelian locus. Indeed, recombination events between SLG and SRK never have been observed even when 500 plants in a single F 2 population were analyzed (Boyes et al., 1997) . Thus, theoretically, the boundaries of the S locus could be defined genetically by mapping out the recombination break-points flanking the SLG-SRK region, with the breakpoints defining the S locus region. Thus, it is important to analyze the recombination frequency in the chromosomal region encompassing and flanking the S locus and to determine whether it differs significantly from recombination frequencies in other regions of the Brassica genome. A similar strategy has been used successfully in defining the boundaries of the mating-type locus of the green alga The 65-kb 910 S region and its coverage by clones, cosmid clone, and fosmid clones (Fos) are shown at left, and the 88-kb A14 S region and its coverage by a fosmid contig are shown at right. For both maps, the recognition sites of EcoRI (E) and HindIII (H) are shown. The numbers after the letters indicate multiple sites. Genes are represented by boxes, and the arrows indicate the orientation of transcription. The white box in the 910 map indicates a region of ‫004ف‬ bp that could not be sequenced due to a long stem-loop structure. The white box in the A14 map represents four nearly identical 673-bp HindIII fragments. The relative positions of these fragments have not been determined. Genes found in common between the two haplotypes are connected by dotted lines, and the amino acid similarities (nucleotide similarity for SIAH2 and SLL1) between the corresponding gene pairs are shown. The 910 and A14 S region sequences have GenBank accession numbers AJ245479 and AJ245480, respectively.
Chlamydomonas (Ferris and Goodenough, 1994) . However, largely due to the lack of dense molecular markers, currently no estimates exist for the actual frequency of recombination in the chromosomal region containing the S locus and in other regions of the Brassica genome, although Brassica linkage maps are available (Slocum et al., 1990; Song et al., 1991) , and the S locus has been positioned on at least one such linkage map (Camargo et al., 1997) . Furthermore, an F 2 segregating population, which is adequately large for measuring low-frequency recombination events, is needed.
Alternatively, the S locus boundaries also could be derived. The analysis of the Chlamydomonas mating-type locus provides a paradigm again, where the genetic and physical mapping data match perfectly in defining the locus boundaries (Ferris and Goodenough, 1994) . The matingtype locus of Chlamydomonas exists as two apparent alleles (mt ϩ and mt Ϫ ), and recombination suppression has long been associated with the mating-type locus. A chromosome walk through the mt locus was conducted until the frequent recombination breakpoints were reached. In total, 1.1 Mb of DNA from a wild-type mt Ϫ strain and 0.85 Mb of the corresponding mt ϩ DNA were ordered by chromosome walking. When restriction maps of the two regions are compared, three domains can be recognized: the central rearranged domain and two flanking domains. In the central domain, the mt ϩ and mt Ϫ maps are not colinear. The two flanking domains, although not necessarily identical, are clearly colinear for the full extent of the walk. Genetic mapping located the frequent recombination breakpoints to be 525 and 110 kb from the borders of the central domain. Within these intervals (from the borders of the central domain to the frequent recombination breakpoints), recombination has not been entirely eliminated. Therefore, recombination suppression extends out to either side of the central domain in a gradient. Ferris and Goodenough (1994) concluded that the central domain may in fact contain all the mating-typespecific genes.
As shown in Figure 7 , the genes downstream of SLG in 910 and A14 S haplotypes are highly colinear, except that AtPP-910, AtPP1, and 2-A14 are apparently rearranged. Not only are they colinear, but the sequence similarities between the counterparts are extremely high. By analogy to the Chlamydomonas mating-type locus, we propose that the SLL2-SLL1 region actually may represent one border of the S locus core region. However, more physical data from other S haplotypes and genetic mapping data are needed to support this hypothesis.
Implications for the Mechanisms of How the Recombination between SLG and SRK Is Suppressed
The S locus shares a related feature with mating-type loci and sex chromosomes: their control genes are transmitted as a unit and fail to recombine. Four mechanisms have been identified as explaining the observed suppression of recombination (as summarized in Ferris and Goodenough, 1994) . First, the relevant genes at the locus may be highly dissimilar, precluding recombination. Second, genes may be present in one locus but absent in the other, with the extreme example being the male fertility genes on the Y chromosome. Third, in an apparently special case involving Schizosaccharomyces pombe, a novel chromatin configuration, designed to regulate mating-type switching, has the additional effect of suppressing recombination. Fourth, homology may persist, but recombination is suppressed because of chromosomal rearrangements. From a physical mapping comparison of three haplotypes, Boyes et al. (1997) found some rearrangements in the S locus. Based on this preliminary data, a hypothesis was proposed for the S locus evolution by analogy to the prevalent theory of sex chromosome evolution, which proposes that homomorphism gives rise to heteromorphism via the accumulation of chromosomal rearrangements (Bull, 1983) .
From our comparative sequence analysis of the 910 and A14 S haplotypes, we find some rearrangements in the locus; for example, SRK-910 and SRK-A14 are divergently transcribed, suggesting a possible inversion event, and AtPP-910 might have been translocated and duplicated in the A14 S haplotype. More importantly, we find that haplotype-specific genes and retroelements have contributed to the expansion and restructuring of the SLG-SRK genomic region. Transposon-mediated expansion of chromosomal regions and chromosomal restructuring have been widely found in the evolution of plant genomes (Wessler et al., 1995; SanMiguel et al., 1996) . Two nested retrotransposons and one putative Athila-like retroelement have been identified in the A14 S region. The left and right LTRs of both nested retroelements show 95% identity, suggesting that the two were inserted at roughly the same time and that the insertion is an ancient event, because the two LTRs of a retrotransposon are usually identical at the time of its insertion into the host genome due to the nature of the transposition process (Lewin, 1997) . Nucleotide substitution causes sequence divergence between the two LTRs, and the degree of divergence can be used as an estimate for the age of the insertion event (SanMiguel et al., 1998) . In summary, chromosomal rearrangements, accumulation of transposons, and haplotype-unique genes all have contributed to the heteromorphism in the S locus, helping to suppress recombination and maintaining the gene pair as a genetic unit.
Based on our results, a few statements can be made regarding the structure and gene organization of the S locus: (1) the S locus is a gene-rich region, that is, the gene density is approximately one gene per 5 kb, which is similar to that of Arabidopsis (Bevan et al., 1998) , which has a much more compact genome; (2) the S genes are embedded in non-SI-related genes; and (3) transposable elements, both transposons and retrotransposons, have contributed to the evolution of the S locus.
METHODS
Plant Materials
The 910 haplotype in the W1 line originated from a self-incompatible Brassica rapa plant and was introgressed into B. napus subsp oleifera cv Westar through a series of backcrosses, as described by Goring et al. (1992a) . The self-incompatible T2 line also was produced by a series of backcrosses involving a field-vernalized stock of the self-incompatible rutabaga (B. napus subsp rapifera) line Z as the donor of the S locus and a spring canola quality variety Topas as the recipient (Goring et al., 1992b) .
Genomic DNA Gel Blots
Genomic DNA was extracted according to the method described by Goring et al. (1993) . Approximately 5 to 10 g of genomic DNA was digested with restriction enzymes and fractionated on a 0.8% agarose gel. Blotting, hybridization, and probe labeling were performed as described previously (Yu et al., 1996) .
Construction and Screening of Cosmid and Fosmid Genomic Libraries
High molecular weight DNA was isolated from nuclei and embedded in agarose plugs as described by Zhang et al. (1995) . To clone the 25-kb EcoRI fragment in the 910 haplotype, we made a partial cosmid W1 genomic library. Plugs were completely digested with EcoRI and then subjected to Gelase (Epicentre, Madison, WI) digestion. The digested DNA was precipitated as recommended by the manufacturer. Cosmid vector pLAFR1 (Friedman et al., 1982) was completely digested with EcoRI and dephosphorylated with HK phosphatase (Epicentre), as recommended by the manufacturer. Approximately 600 ng of digested genomic DNA was ligated overnight at 4ЊC to 500 ng of vector in a total volume of 10 L with 400 units of T4 DNA ligase (New England Biolabs, Beverly, MA). Four microliters of this ligation mixture was packaged in vitro by using the Gigapack gold packaging system (Stratagene, La Jolla, CA). The cosmid particles were transfected to Escherichia coli XL1-blue MR (Stratagene), and the cells were spread onto Luria-Bertani plates containing 15 mg/L tetracycline.
The procedure for constructing fosmid libraries was developed based on previously described protocols (Kim et al., 1992 ; J.L. . The plugs were partially digested with HindIII and fractionated by pulsed-field gel electrophoresis (PFGE). The target region containing the partially digested DNA ranging from ‫04ف‬ to 50 kb was excised. The agarose was digested, and the DNA was dephosphorylated by using Gelase and HK phosphatase (Epicentre), respectively, as recommended by the manufacturer. Protein was removed by gentle phenol-chloroform extraction, and the DNA was pelleted. Vector arms were prepared from pFOS1 as described previously (Kim et al., 1992) . The partially digested genomic DNA was ligated overnight at 4ЊC to the pFOS1 arms in a 15-L ligation reaction mixture containing 1.5 g each of vector and insert and 1 L of T4 DNA ligase (400 units per L; New England Biolabs). The ligated DNA in 4 L of this reaction mixture was packaged in vitro by using the Gigapack gold packaging system (Stratagene); the fosmid particles were transfected into E. coli XL1-blue MR competent cells and spread onto Luria-Bertani plates containing 12.5 g/mL chloramphenicol. Screening of genomic libraries was performed by standard methods (Sambrook et al., 1989) . Prehybridization, hybridization, and washing conditions were the same as those described above for genomic gel blots.
cDNA Subtraction
The PCR-Select cDNA subtraction kit (Clontech, Palo Alto, CA) was used to enrich the W1-specific cDNA species. All the procedures were conducted according to the manufacturer's instructions. mRNA from 1-to 4-mm flower buds was used. Equal amounts of tissues not only in total but also at every size level from W1 and Westar plants were used simultaneously for RNA extraction, according to Jones et al. (1985) , to minimize false positives. Polyadenylated RNA was purified with the mRNA purification kit from Pharmacia Biotechnology. The RNA concentration was estimated by comparison with RNA standard markers (Gibco BRL) run on the same gel. cDNA made from Westar mRNA was used as the driver and that from W1 as the tester. The Advantage cDNA PCR kit (Clontech) was used for all of the polymerase chain reactions (PCRs). The cycling was conducted with the Perkin-Elmer GeneAmp PCR System 9600; thus, the denaturing time used was 10 sec instead of 30 sec.
Mapping of the Subtracted cDNAs to the Cloned S Region
An approach similar to the direct cDNA selection (reviewed in Lovett, 1994) was used to map the subtraction-enriched cDNAs to the S locus. The procedure was intended to combine the advantages of both cDNA subtraction and direct cDNA selection. The subtracted cDNA mixture was labeled by random priming and used to probe the DNA blot prepared with 910 haplotype genomic DNA. After autoradiography, the region of the blot corresponding to the signal of interest was excised. The bound probe DNA was eluted as described previously (Ausubel et al., 1988) . The membrane piece was rinsed in 1 mL of 0.1 ϫ SSC (1 ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0), transferred to 300 L of sterile water containing 5 g of yeast tRNA, boiled for 2 min, frozen in a dry ice-ethanol bath immediately, and thawed at room temperature. Thirty microliters of sodium acetate, pH 5.2, and 900 L of ethanol were mixed well with the solution, which was incubated in a dry ice-ethanol bath for 15 min. The DNA was pelleted by centrifugation for 15 min at 13,000 rpm. The pellet was washed with 70% ethanol, dried, and dissolved in 10 L Tris-EDTA. Two microliters of this DNA was amplified with the Advantage cDNA PCR kit and the nested primers 1 and 2 that had been used in the subtraction. The amplified DNAs were cloned into pGEM-T/ pGEM-T Easy vectors (Promega) and sequenced with the universal sequencing primers on the vectors.
Rapid Amplification of cDNA Ends
A double-stranded cDNA pool was synthesized from poly(A) ϩ RNA isolated from 1-to 4-mm W1 flower buds by using the cDNA synthesis reagents provided in the PCR-Select cDNA subtraction kit. For 3Ј rapid amplification of cDNA ends (RACE), two nested gene-specific primers, C-SKD-1 and 2 as shown in Figure 3B , were synthesized. The first-round PCR was performed on the cDNA pool, using the 3Ј distal primer and the dT 17 adapter primer (for the sequences of the adapter and dT 17 adapter primer, see Goring et al., 1992b ). The prod-ucts then were subjected to a second-round PCR with the 3Ј proximal primer and the adapter primer.
For 5Ј RACE, the cDNA pool was ligated to the adapters 1 and 2 provided in the PCR-Select cDNA subtraction kit, and as was done during 3Ј RACE, two nested gene-specific primers also were synthesized as indicated in Figure 3B . The first-round PCR was conducted with the cDNA pool by using the 5Ј distal primer and the nested PCR primers 1 and 2, which are portions of the adapters 1 and 2, respectively. The products then were subjected to a second round of PCR by using the 5Ј proximal primer and nested PCR primers 1 and 2. The products from the second-round PCR were run on an agarose gel, and the major bands were purified and cloned into pGEM-T/pGEM-T Easy and sequenced.
Sequence Analysis of the Cloned S Regions
For the 910 S haplotype, two genomic clones containing SLG and SRK, respectively, were identified previously (Yu et al., 1996) . The two clones were subcloned and sequenced. However, there was still a gap between the two of ‫5.2ف‬ kb as determined by PFGE blot analysis (Yu et al., 1996) . To fill in this gap sequence, we cloned the 25-kb EcoRI fragment, which covers both SLG and SRK (Yu et al., 1996) , into the cosmid vector pLAFR1. The cosmid clone was sequenced directly, starting with primers located at the ends of the two clones, and extended by primer walking until the sequences from both sides overlapped. Several fosmid clones were identified during this work with the W1 fosmid genomic library. Their end sequences were obtained by direct sequencing of the clones with T7 and Sp6 primers present on the vector and were used to order the clones in the S region relative to the known sequence. Compared with the previously cloned region, the fosmid contigs extended the cloned S region by ‫53ف‬ kb. The EcoRI restriction fragments were subcloned into pBluescript KSϩ (Stratagene) and sequenced by primer walking. Sequences from different subclones were assembled via the sequences from direct sequencing of the fosmid clones, with complementary primers located within the subclones. Some other regions were not subcloned and were sequenced directly with the fosmid clones by primer walking.
For the A14 S haplotype, four independent fosmid clones were identified from the T2 fosmid genomic library. The fosmids were digested to completion with HindIII and cloned into pBluescript KSϩ. The HindIII restriction fragments ranged in size from ‫5.0ف‬ to ‫51ف‬ kb. Seventeen subclones that contained inserts ranging from ‫5.0ف‬ to ‫5ف‬ kb were sequenced directly. Five subclones, which contained inserts ranging from ‫8ف‬ to ‫51ف‬ kb, were further subcloned. Several enzymes were tested for each of them, and EcoRI, PstI, SacI, and XhoI then were chosen for the five, respectively. Twenty subclones, which contained inserts of р6 kb, were obtained and sequenced. Sequencing of all of the subclones was initiated with the universal primers on the vector and subsequently extended by primer walking. To assemble the sequences from the subclones, we synthesized complementary primers located within the subclones, usually 100 to 200 bp away from the ends, and used them to sequence the fosmid directly. These fosmid sequences were not only used for joining the ends of subclones but also were used in at least three cases to close the small gaps missed during subcloning due to their small sizes.
Sequencing was performed mostly on one strand. For regions in which the sequences were not good, both strands were sequenced. Computer analysis was performed using the BLAST program at the National Center for Biotechnological Information (Altschul et al., 1990) . Genomic regions showing significant matches (usually Ͼ100) were further studied, using GenScan for Arabidopsis, with a suboptimal exon cutoff of 1.00 (Burge and Karlin, 1998) . Sequences were aligned with ClustalW (Thompson et al., 1994) by using the Blosum weight matrix, a gap opening penalty of 10.0, and a gap extension penalty of 0.05.
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